To prospectively determine the sensitivity and specificity of functional magnetic resonance (MR) imaging for mapping language and motor functions in patients with a focal mass adjacent to eloquent cortex, by using intraoperative electrocortical mapping (ECM) as the reference standard.
The ethics committee approved the study, and patients gave written informed consent. Thirty-four consecutive patients (16 women, 18 men; mean age, 43.2 years) were included who met the following three criteria: They had a focal mass in or adjacent to eloquent cortex of the language or motor system, they had the ability to perform the functional MR imaging task, and they had to undergo surgery with intraoperative ECM. Functional MR imaging with verb generation (n ϭ 17) or finger tapping of the contralateral hand (n ϭ 17) was performed at 1.5 T with a block design and an echo-planar gradient-echo T2*-weighted sequence. Cortex essential for language or hand motor functions was mapped with ECM. A site-by-site comparison between functional MR imaging and ECM was performed with the aid of a neuronavigational device. Sensitivity and specificity were calculated according to task performed, histopathologic findings, and tumor grade. Exact 95% confidence intervals were calculated for each sensitivity and specificity value.
S
urgery in eloquent cortex remains a challenge because of the high risk of sensorimotor and language deficits. Although morphologic landmarks for mapping hand, foot, and face motor functions are available at conventional magnetic resonance (MR) imaging, mapping language function is more difficult because of the lack of reliable surface landmarks (1) and may be less accurate as a result of high individual variability (2, 3) . In addition, normal sulcal anatomy often is not recognizable because of tumor growth.
The classic procedure for language localization is intraoperative electrocortical mapping (ECM) in awake patients (2, 4, 5) . ECM is used to extend the indications of surgery within eloquent areas, decrease the risk of sequelae, and increase the quality of tumor resection with an effect on survival (6) . Researchers have claimed that ECM is effective, particularly in low-grade gliomas (7) . This procedure has shown substantial interindividual variability in language localization in patients with a focal lesion (2) . Localization of speech is even more problematic in patients who are fluent in different languages (8, 9) .
The motor cortex usually is mapped while the patient receives a general anesthetic. When evaluation of language is performed, however, the patient must be awake and cooperative, and the procedure may become time consuming (6) . Functional MR imaging has been proposed for presurgical planning in patients with a focal mass adjacent to eloquent cortex (10) . Functional MR imaging is based on the blood oxygen leveldependent (BOLD) effect: elevation of MR signal caused by the increased ratio between oxygenated and deoxygenated hemoglobin secondary to onset of local brain activity. Deoxygenated hemoglobin has paramagnetic properties, and its decrement increases the MR signal.
Investigators in studies (10, 11) have proved functional MR imaging to be highly sensitive in the detection of sensorimotor activation in healthy subjects and feasible in patients with lesions around the central sulcus. Researchers in other studies (10, (12) (13) (14) (15) (16) have emphasized a good spatial correlation between motor functional MR imaging and intraoperative ECM results. Functional MR imaging has been proved to be at least as effective as the Wada test in determining language dominance (17, 18) . Investigators in fewer studies have addressed validation of functional MR imaging in mapping language cortex. Some researchers (19) have focused on feasibility, the choice of the most appropriate task, and the spatial relationship between the lesion and activated cortical areas. However, validation studies have involved small samples (20) (21) (22) (23) (24) (25) (26) . Methods for comparing activation foci have been qualitative and subjective (20-23, 25,27) rather than quantitative and objective, with a few exceptions (24, 26) . If functional MR imaging is to be used as a reliable and accurate tool for planning and performing function-preserving surgery, its results must be validated and correlated with clinical outcome.
Thus the purpose of our study was to prospectively determine the sensitivity and specificity of functional MR imaging for mapping language and motor functions in patients with a focal mass adjacent to eloquent cortex, by using intraoperative ECM as the reference standard.
Materials and Methods

Patients
Functional MR examinations and intraoperative ECM were performed in 34 consecutive patients (16 women, 18 men; mean age, 43.2 years; range, 20 -69 years). Seventeen patients were tested with verb generation (VGEN); the other 17 patients were tested with finger tapping. The local institutional ethics review board approved the study; informed consent was obtained. Inclusion criteria were as follows: The patients had a focal mass in or adjacent to at least one eloquent area of the motor or language systems. They had the ability to perform the functional MR imaging task. They had to undergo intraoperative ECM. 
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Functional MR Imaging Paradigms and Analysis
All patients were trained briefly 15 minutes before the study; their ability to perform the task correctly was verified before and after the study by two neurologists (A.B., V.B., with 10 and 7 years of experience in functional MR imaging, respectively). For the language task, patients were asked to perform VGEN silently in response to hearing a noun. For the motor task, patients were asked to perform alternated finger tapping with 2-Hz frequency after acoustic and visual cues. During rest periods, patients were asked to mentally count from zero to 10 iteratively. A block design with nine 24-second alternating periods was used. For functional data analysis, an updated software package for implementing statistical parametric mapping for neuroimaging data (SPM2; Wellcome Department of Imaging Neuroscience, University College London, London, England [http://www.fil.ion.ucl.ac.uk/spm]) was used. For every functional session, six-parameter rigid-body realignment was applied. Smoothing of the realigned data with a Gaussian kernel by using full width at half maximum (6 ϫ 6 ϫ 6 mm) was performed. We used modeling of the expected hemodynamic response function with a block design, convolved with the canonic hemodynamic response function of the software package. To avoid loss of signal, a high-pass filter with a frequency of 1 ⁄96 second, which is half the frequency of the paradigm used (ie, 1 ⁄48 second), and a low-pass filter were applied to the time series. Application of a P value of .001 uncorrected threshold (minimum of 5-voxel clustering) was used to estimate t test maps. Coregistration of the t test maps with the anatomic image was performed in order to have the anatomic localization of the functional foci.
Intraoperative ECM: Reference Standard ECM of the language cortex was performed during asleep-awake anesthesia (28) . Image guidance (Stealth Station Treon; Medtronic Surgical Navigation Technologies, Louisville, Colo) was used in all patients for the surgical approach. During the awake phase, image-guided stimulation (alternating current of 60 Hz, 2 msec, 1-8 mA peak) with a bipolar electric probe of a cortical stimulator (Ojemann, model OCS-1, Radionics, Burlington, Mass; Nimbus, Newmedic/ Hemodia, Toulouse, France) was performed. The current amplitude was progressively increased by 1 mA. Biphasic square-wave pulses of 2 msec at 60 Hz, with maximal duration of a sequence of pulses of 2 seconds, were used for the stimulation of the motor function during general anesthesia and for stimulation of the language function during asleep-awake anesthesia. Language mapping was performed by using the largest current that did not produce afterdischarge (2, 29) in the range between 4 -10 mA. The entire exposed cortex was stimulated, including the preplanned area of resection. Two neurosurgeons (P.F. and G.B., with 14 and 35 years of experience, respectively), who were blinded to the results of functional MR imaging, performed ECM in all patients.
A continuous multichannel electromyographic recording was used for the detection of motor responses together with clinical assessment of movement. Arrest of speech, random answering, or perseveration to stimulation were considered positive sites if confirmed at least twice. Errors were classified intraoperatively by a trained neurologist (D.C.) with experience in evaluation of speech disorders. He was monitoring the patient's response and immediately informed the surgeon of any error. A numbered tag identified each stimulated area. Before starting tumor removal, location of each ECM tag on three-dimensional MR images was demonstrated with the aid of the image guidance system and screenshots were archived.
The comparison between ECM-tested areas and functional MR imaging-activated foci was made only on the exposed cortical surface. Therefore, functional MR imaging-activated foci away from the craniotomy were not tested and validated with ECM.
Measurement of Clinical Outcome
Neurologic examination was performed by one neurosurgeon (C.M.) with 12 years of experience daily during the first 7 days and at 3 months. Muscle function of both upper limbs was evaluated and assigned a grade according to the scale of grades 0 -5 reported by De Jong (30) . A grade 4 motor deficit of the upper limb was classified as mild, a grade 2 or 3 deficit was classified as moderate, and a grade 0 or 1 deficit was classified as severe. Language performance was determined by evaluation of verbal fluency, denomination, and comprehension of simple objects and categories. Aphasia was considered mild when the patient had rare anomia, paraphasia, or comprehension deficits, or all three, that did not affect patient ability to communicate. Aphasia was considered moderate when the same deficits occurred with higher frequency and slowed the patient's ability to communicate. Aphasia was considered severe when these deficits impaired the patient's communication and ability to perform daily activities.
Statistical Analysis
The anatomic position of each recorded ECM site was recorded on the three-dimensional functional MR image data set, and a 1-cm-radius sphere was overlaid on each tag. Electrocortical maps and functional MR images were considered to match when the functional MR image focus was within the volume defined by the sphere (ie, the distance between the two was 1 cm or less). For each patient, the numbers of true-positive (TP), true-negative (TN), false-positive (FP), and falsenegative (FN) tags were computed. To address the issue of different numbers from each patient, it was assumed that the positive or negative response from either the index or the reference test in one cortical site had no effect on the response in another site. In other words, each electrocortical stimulation was considered independent. The same assumption was made for statistical analysis in similar published studies (24, 21) .
Sensitivity and specificity were calculated according to the task per formed, histopathologic findings, and Figs 1-5) . Time between functional MR imaging and intraoperative ECM was within 3 weeks. All patients who underwent funtional MR imaging and ECM were included in this study (Fig 6) .
Patient Clinical Outcome
Reversible postoperative deficits occurred in three patients and resolved within 72 hours. Postoperative deficits of variable intensity were still present in four patients 3 months after surgery ( Table 2 ): The permanent complication rate was 11%. Deficits were mild in two patients, with aphasia and contralateral arm hemiparesis in one each; moderate contralateral arm hemiparesis was present in a third patient. Intraoperative bleeding with temporary occlusion of distal branches of the left middle cerebral artery resulted in a large infarct, with permanent severe aphasia, in the fourth patient. The total complication rate (reversible plus permanent, mild, and severe) was 20%.
Functional MR Imaging Performance
The three main cortical areas of the language system were mapped with functional MR imaging in 17 of 17 patients. Additional areas were mapped in the anterior cingulate and supplementary motor area in most patients. Finger tapping evoked a BOLD response in the primary motor cortex and in the supplementary motor area ipsilateral to the mass in all 17 patients. A total of 251 ECM sites were tested: 141 in patients evaluated with VGEN and 110 in patients evaluated with finger tapping. Speech arrest or faltering was induced in 16 of 17 patients during asleep-awake anesthesia. Muscle contraction of the contralateral hand was evoked in 17 of 17 patients. Overall sensitivity and specificity of functional MR imaging in 34 patients were 83% and 82%, respectively.
For hand motor function alone, sensitivity and specificity were 88% and 87%, respectively. For language, sensitivity and specificity were 80% and 78%, respectively (Table 3 ). In 10 of 17 patients evaluated with VGEN, the tumor was abutting the cortical surface. Therefore, it was possible to perform ECM: At all sites, results were negative with either functional MR imaging or ECM (Table 3) .
GBM showed a substantial lower sensitivity and higher specificity than WHO grade II and III gliomas (Table 4 ). 
NEURORADIOLOGY: Presurgical Functional MR Imaging
Bizzi et al
These differences reflect the higher number of FN tags and lower number of FP tags found in GBM. In patient 18, ECM did not induce any speech arrest or faltering. The patient's ability to speak was monitored during tumor resection. The patient did not develop any speech deficit during or after surgery; therefore, it was concluded that there was no eloquent area in the exposed cortex, despite the finding of one positive functional MR image focus that was interpreted as FP.
Discussion
In our study, overall sensitivity and specificity for mapping language and motor functions with functional MR imaging in patients with a focal brain mass were greater than 80%; in addition, we demonstrated that sensitivity and specificity may change with a higher glioma grade: Sensitivity was lower and specificity was higher in GBM than in WHO grade II or III glioma. There are two possible explanations for the higher rate of FN tags in GBM. GBM is an undifferentiated tumor with a rich abnormal vasculature caused by angiogenesis. Neurovascular uncoupling has been described in higher-grade tumors, and it could lead to loss of the BOLD response (32, 33) . A larger brain shift occurring in GBM, as the dura is exposed, might be an alternative explanation.
Despite our results, ECM remains the reference standard for intraoperative decisions when the BOLD response is shown in the proximity of a mass. Intraoperative ECM has been used extensively, and it has been validated by clinical outcome. If eloquent sites are respected, the risk of permanent deficits is low (2, 5) .
Patient outcome for permanent sequelae was 11% in this series of 34 patients, with one patient with severe morbidity due to surgical complications independent of function localization techniques and three patients with moderate or mild permanent postoperative deficits. Other studies have shown a low rate of postoperative deficits in patients who had presurgical functional MR imaging (32) . Neither functional MR imaging nor ECM showed eloquent tissue within the tumor when the mass was near the surface and it could be evaluated with ECM. Roux et al (24) showed functional MR imaging intratumoral activations in six patients.
Evidence that functional MR imaging may have a favorable effect on measurement of clinical outcome has not been fully established so far. The relationship between the function tested with functional MR imaging and clinical outcome often is indirect. A randomized controlled trial in a large number of patients might be needed to show an effect. Although there is no clinical evidence yet that use of functional MR imaging has an effect on patient outcome, findings in recent studies support its effect on therapeutic planning (34, 35) .
The ideal mapping method should be both sensitive and specific. A technique with high sensitivity will have a low rate of FN foci, and it will rarely miss functioning cortex. With high specificity, the rate of FP sites will stay low. FN sites might eventually lure the neurosurgeon to perform a larger resection with a higher risk of permanent neuro- It is important to emphasize that there are important physiologic differences between ECM and functional MR imaging. ECM is a disruption method that causes an arrest of function when an essential area is stimulated. Functional MR imaging is an activation-based method, and a statistically significant BOLD response appears in all areas that are functionally active, but not necessarily essential, during the execution of a particular task. Compared with ECM, a larger number of active cortical foci are then expected with functional MR imaging. Future clinical outcome studies will have to determine whether incidental damage to areas with false-positive foci (positive at functional MR imaging and negative at intraoperative ECM) occurring during surgery will cause transient or permanent functional deficits.
Functional MR maps overlaid on the three-dimensional MR images were available for display with the neuronavigational system in the operating room. The location of all stimulated ECM tags on the functional MR image data set was recorded. This procedure is important in the determination of true and false results, and it may also reduce operator-dependent bias. The objectivity of the method is greater if it is compared with the method that uses overlaid digitized intraoperative ECM photographs off-line (21, 22, 24) .
Sensitivity and specificity of functional MR imaging were higher in map- 
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Bizzi et al ping the primary motor cortex than in mapping the language system. This result was expected, and it is consistent with results in other published studies. Functional MR image sensitivity was 85% in 103 patients (36) and 97% in 125 patients (37) with tumor in the primary motor cortex. Finger tapping is a reliable and robust paradigm to localize the hand representation in primary motor cortex. Dislocation of the eloquent motor cortex by para-Rolando tumors, as confirmed by using functional MR imaging and ECM, occurred in several of our patients. There are few studies in which sensitivity and specificity of functional MR imaging of language were measured by using ECM as the reference standard (21, 22, 24, 25) . In only two studies was a site-by-site correlation with a large number of tags performed (21, 24) . FitzGerald et al (21) evaluated 140 sites in 11 patients with five language tasks and found a sensitivity of 81% and a specificity of 53%. Sensitivity was higher for results from all tasks combined than for results from a single task. VGEN was the single task with the highest sensitivity. In the current study, only the results of VGEN were correlated with findings at ECM, because VGEN was found to be the most robust of our battery of language tasks (3) and it was decided it would have been impractical and too time consuming to repeat ECM for multiple tasks in the operating room. Roux et al (24) correlated 426 ECM tags in 14 patients. Sensitivity and specificity were 59% and 97%, respectively, with two tasks combined (VGEN and naming), with a P value of less than .005. Decreasing the analysis threshold improved the sensitivity to 66% and decreased specificity to 91%. The sensitivity in the study of Roux et al (24) is lower than that in the study of FitzGerald et al (21) and that in our study. Differences in sensitivity values and specificity values among these studies may be expected because of differences in patient population (tumor type and location), craniotomy size, functional MR image paradigms, and methods used to compare functional MR images and electrocortical maps.
Sensitivity was higher in the frontal areas (inferior frontal gyrus and dorsolateral prefrontal cortex) of language production than in posterior temporal gyri. This result is of interest, but it may have been influenced by the use of a task of speech production in this series. Lurito et al (22) focused on functional MR image mapping of receptive language in three patients with gliomas in the temporal and parietal lobes. They correlated 10 ECM tags and found that all, except one located within the boundary of the tumor in the left parietal lobe, had been mapped by using functional MR imaging. They concluded that their functional MR imaging paradigm was good but not perfect (22) . Sensitivity and specificity were the highest in patients with cavernous angiomas. Pouratian et al (23) reported similar results in three patients with cavernous angioma.
There were limitations to our study. Intrinsic limitations were caused by the imaging modality used: MR imaging is affected by geometric distortions caused by inhomogeneity of the magnetic field within the head. Errors occurring during coregistration of anatomic and functional MR images add up to errors occurring during neuronavigational registration. These errors may sum up to a few millimeters. In our study, only the most robust language paradigm was used intraoperatively. The use of additional tasks might improve sensitivity of functional MR imaging, thus reducing the risk of FN results.
In conclusion, functional MR imaging is a sensitive and specific method for localization of the eloquent cortex of the language and motor systems. Sensitivity of functional MR imaging was higher in cavernous angiomas, followed by WHO grade II and III gliomas, and then GBM.
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